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C!T = Carbon Nanotube;

? be+F . lymer Comp:
= Dr. Chengyu Wei (Postdoc), Prof. K. Cho (Stanfar{ U niversity)

= N; hanics of Nanotubes and N

» Chemical Functionalization, Thermal Conduct: ity. Gas Storage
-3 Prof. Don Brenner (NC State), Prof. M. Osman (M ashington State}

+ Molecular Electronics with Nanotube Hetero-junctions
= Dr. Madhu Menon (U. Ky) and Dr. Antonis Andriatis 7U. Crete)

+ Quantum Computing with Doped Bucky Onion - and Fullerenes
3 Seongjun Park (Student), Prof. K. Cho (Stanford!

+ Genetic Algorithm based Searches for New Mol -cnlar Force Field
Al Globus (NASA Ames)
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CNT is a tubular form of carbon with
diameter as small as 1 nm.
Length: few nm to microns.

CNT is configurationally equivalent to a
two dimenstonal graphene sheet
rolled into a tbe.

CNT exhibits extraordinary
mechanical properties:
Young's modulus over

1 Tera Pascal. as stiff as
diamond, and tensile strength
~ 200 GPa.

CNT can be metallic or semiconducang,
depending on chirality.
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Long time structural

Molecular Dynamics ~ KMC, TDMC Experiments

- upto 100s of ns Hyperdynamics - up to sec, hours




g High value of Young’s Modulus (1.2-1.3 T Pa for SWNTs)
~ Elastic limit up te 10-15% strain

Computer Simulations: Characterization of New Materials!
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‘Experimental validation: Nanolybesin-Compesites:

el i,

* Experiment: buckling and collapse of
nanotubes embedded
in polymer composites

Buckle, bend and
loops of thick
tubes..

Local collapse or
fracture of thin
tubes.

5% Compression

Nanostructured skin effect !

Computer Simulations Generating new IP !

Simularion: 30% yielding strain from fast strain rate (1/ps) molecular
dynamics simulations (B. Yakobson et. al. 1997)

Experiments: 6% maximum strain in SWCNT ropes; 12% maximum
strain in MWCNTs ?
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11.5% tensile strained 9% tensile strained
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- yielding: strongly dependent

i
i .)*F._.—.—;:: ! on the strain rate and temperature !
Ban
3 [ - ’ - Linear dependence on the
o} et f temperature of the of the yiclding
- | SIrain vs strain rate ~ activated
H process

Transition State Theory Derived
Formula

-Experimental feasible conditions: length ~ 1jm; strain rate ~ 1/hour; T ~ 300K

:> Yield strain: 9 =1 %, Experiments: 6-12% strain for SWNT ropes

C. Wei, K. Cho and D. Srivastuva, submitted Phys. Rev. Lett.
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- Stuctural and thermal properties
- Load transfer and mechanical properties

SEM images of polymer (polyvinylacohol)
SEM images of epoxy-CNT composite ribbon contained CNT fibers & knotted CNT
fibers

(LS. Schiadier ctal. Appl. Phys. Lent V73 P3842. 1998) {B. Vigolo ctal.. Science, V290 P1331_ 2000}




*» Thermal conductivity of single-wall nanc uhes

» Nanotube/polymer composites as high the rmal expansion

coefficient materials

« Thermal conductivity of nanotube/polym: - cymposite

. Thcrm:d peak position has a strong
. L TR d on the radius of the tube
and weuk dependence on chirality

« Typical peak thermal conductivity

ey is about 20003000 W/mK
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Therm.al Conductnnty (W/mK)

« High thermal conductivity material
with highly directional heat-flow
and weak dependence on chirality
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chirnlity dependtnce
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M. Osman and D. Srivastava, Nunotechnology. Vol. 12. 21 (2001}

Small system: L/D~2, Np=10

'

| Results:

Tg ! Glass transition wmperature Tg increased
nsl glass + from 150K 10 17 &
& S mbher\ i .
g " R o R
g u{ composk‘ biquid J1 Thermal expan:. n coefficients: (K7')
PN PE PE-CNT
; a8 . \ . - T
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@: lThenﬁal Diffusion coefficients I

Small system: [/D~2, Np=10
Diffusion coefficients of polymer
with CNTs embedded

| |
P Aoy CNT asmcnon "
E , "ONT mots | Diffusion coefficient increased.
£ ‘ kP s i especially along CNT axis  direcuon,
5 H Perpenaouar I i indicating enhancement of thermal
% CNT asecen i
g ’ " CNT comocsts ! conductivity
§os / ! .
H / N | * Experiments on diffusivity in
N } Mwslee® | ABS/CNT & RTV/ CNT show larger
; / + increase (Rick Berrera’s group at Rice
ar—'—a-ﬂ'—/m = 2 University)
Temoeaium 1y

* C. Wei, D. Srivastava, and K. Cho {submutted 20017
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Work hardening of composite
with smetching

Ta50€
Siruss awe1bar/ips

Tonstn sirear fhow)

CNT:LD-2
il of poysthyienaato

x “ 50

TEM images « t al:gnment of CNT:
in a polymer 11 atrix by stretching

Tacwns soar

(L Jimetal. Appl mys tem. VI3 PI19D, 1998)
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[ Young’s Modulus - |

-Young's modulus of CNT composites 30% higher than polymer matrix

-Stretching reamments enhance Y by 50%

(LUD-2, Np=10} 04
i 1) Polymar buk; Ya1492MPa
{21 Potymar bulk SN’ steching  Ya1585MPa
031 1 Composde: vu1907MPA
1 [4): Composie ater streching; Ye2308MP

Tensie Suess (hbar)
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stress rate= {bar’*ps
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Multi-wall Y-junction Carbon N.inotubes-

Rectification and Analog Logic Devices

V2 V3 |OR
0 Y 0
0 1 1
1 0 1
1 1 1

Andriotic, Menom, Srivasars, Chernaratonskl, Phys. Rev. Lert | 2M1)

« There is not much out there, except emulation «f Si based paradigms
for some sort of hybrid technology

+ Nanotube-Crossbar based memory and comput ag

C. Lieber {(Harvard)
S. Wiiliamns (HP), J. Heath (UCLA)

N

Cessing/Sensing in Biological Syste

Ceral Sensory System finter-neuron) of a cricket

A d-level dentritic neural wee: 14 branched carbe 1 nanotube junctions

D.Srivmianant s, Comp in * imrs 1ad Eapmeeriag, IEL, APS 2081

Carbon Nanotube: Dendritic Tree
« Electronic, acoustic, thermal, and

Biological Dendritic Neural Tree
* One dimensional cable theory +

Hodgkin-Huxley model for acti ja! | chemical signal tr ission and

based information flow information processing

- Information processing is coded in (a) « Information processing can be based on
branching at the junctions, and (b) time- (a) branching ~ switching at the junctions,
serics sequencing of the signal spikes and (b) time series sequencing of signal-

» Input — output — contral: is based on (a} spikes

structurai details of the branches and « Input — cutput — control: can be based on
Junctions, and (b} via chemical (a) structural details, (b) chemical
environment environment, and (c) physical contacts at
the ends?

« Short and long term memory can be pant
of structure by defect and chemnical
adsorbate placements: design for specific
purpose/functionality

« Short and long term memory is part of the
structure: evolutionary in nature

. Srmvastivs oL sk, Comp. b >awate sat Unprusertag, (EET, APS /10911




Sotution: Use Encapsulated Atoms as Qubits ! Charge Density of 'H Encapsulated in C,,D,,

Electronic Control Gates | ' .
Example: 'H encapsulated in C,, @ The valance electron charge density of 'H leakes out of C.oD,, cage

moiecule. This is good and needed for neighboring qubit interactions.

Electronic charge
deasity shows a
weak meta-stable
state of 'H at the
center of Cyp

Atom with ¥4
nuclear spin is 2
qubit

Encapsula
tionina
Fullerene

Suitable Solid-state Qubits Identified:
Proposal: Arrays of “encapsuiated”
atoms {with ¥ nuclear spin — qubits) * 'H encapsulated in a C,,D,, fullerene
will be easy to fabricate as compared

o3 { i
to the arrays of the similar bare atoms. P enc;pa;lélcarlszsimuﬁi::edmmond S. Park, D. Srivastava and K. Che, J. NanoSc. NanoTech. (2001)

= ks

J. Han, A Globus and R. Jaffe

Model 2: *'P doped in Diamond or Silicon @

 Weakly bound donor electron has strong S-ike electronic charge density
at the center, and 2 reasonable spread of the decay for off center positions

3P in Diamond P in Si

S. Park, D. Srivastava and K. Cho, J. NanoSc. and NanoTech. (2001)




